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ABSTRACT: Emulsion-based, resonant infrared matrix-assisted pulsed
laser evaporation (RIR-MAPLE) has been demonstrated as an alternative
technique to deposit conjugated polymer films for photovoltaic applications;
yet, a fundamental understanding of how the emulsion target characteristics
translate into film properties and solar cell performance is unclear. Such
understanding is crucial to enable the rational improvement of organic solar
cell (OSC) efficiency and to realize the expected advantages of emulsion-
based RIR-MAPLE for OSC fabrication. In this paper, the effect of the
primary solvent used in the emulsion target is studied, both experimentally
and theoretically, and it is found to determine the conjugated polymer
cluster size in the emulsion as well as surface roughness and internal
morphology of resulting polymer films. By using a primary solvent with low
solubility-in-water and low vapor pressure, the surface roughness of
deposited P3HT and PCPDTBT polymer films was reduced to 10 nm,
and the efficiency of P3HT:PC61BM OSCs was increased to 3.2% (∼100 times higher compared to the first MAPLE OSC
demonstration [Caricato, A. P.; et al. Appl. Phys. Lett. 2012, 100, 073306]). This work unveils the mechanism of polymer film
formation using emulsion-based RIR-MAPLE and provides insight and direction to determine the best ways to take advantage of
the emulsion target approach to control film properties for different applications.
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1. INTRODUCTION

Conjugated polymers are widely used in various thin-film-based
organic electronic devices,2−4 particularly organic solar cells
(OSCs),5 due to the superior conductivity compared to
traditional plastics. These conjugated polymers are typically
hydrophobic and have good solubility in a variety of nonpolar
organic solvents, which enables solution-processed techniques
for thin film deposition.6 Despite simplicity, low cost, and
potential scale-up, all solution-processed deposition techniques
involve wet deposition, which results in two limitations to
practical applications of functional polymers. First, it is difficult to
deposit blended films of polymers having different solubility
characteristics, and second, the deposition of multilayer films
with polymers having similar solubility characteristics is not
possible without intermediate blocking layers.7 One method to
address such limitations is to deposit the polymer films using
vacuum-based physical vapor deposition (PVD) techniques,8,9

by which different polymers could be deposited onto substrates
from separate sources and in a relatively dry state. In fact, thermal
evaporation is a PVD technique that has shown great potential
for organic material deposition and has been widely applied to
deposit small organic molecules for organic light-emitting diodes

(OLEDs).10 Conventionally, the deposition of high molecular
weight polymers using PVD techniques is challenging because
the physical processes (e.g., heating, ion-bombardment, electron-
beam bombardment, or laser ablation) to evaporate pure, organic
materials in the gas phase can degrade the materials. This issue is
especially problematic for polymer film deposition because, in
contrast to small organic molecules, it is easier to break the long
chains that are characteristic of polymers. In addition, polymer
degradation can occur before reaching the melting point at which
significant vapor pressure can be achieved for film deposition. As
a result, vacuum-based deposition techniques are seldom used to
fabricate devices based on functional polymer films because the
device performance is strongly tied to themolecular weight of the
constituent polymers, which cannot be compromised during the
deposition. Thus, PVD techniques are mostly applied to
deposition of thin films comprising oligomers and small organic
molecules, and the PVD deposition of functional polymer films is
limited.
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Among different PVD techniques, matrix-assisted pulsed laser
evaporation (MAPLE), a variation of pulsed laser deposition
(PLD), has been developed with the goal to deposit polymer thin
films with minimal material degradation.11−15 In the MAPLE
deposition process, a laser, typically an ultraviolet (UV) laser, is
used to ablate the target polymer, creating a vaporized plume that
flushes onto the substrate to form the polymer thin film. The
advantage of the MAPLE process is the incorporation of a matrix
solvent in the polymer target that is vaporized by absorbing most
of the laser energy and subsequently pumped away in a vacuum,
leaving the polymer deposited in a dry state on the substrate.
Because most of the laser energy is absorbed by the matrix
solvent, as opposed to the target polymer, the photochemical
degradation of the target polymer resulting from laser irradiation
is minimized.
In recent years, a variation of the MAPLE technique, namely

emulsion-based resonant infrared matrix-assisted pulsed laser
evaporation (RIR-MAPLE), was developed15,16 with the
capability to deposit different types of polymers with very little
photochemical or structural degradation.17 Emulsion-based RIR-
MAPLE has already been applied to fabricate OSCs,18,19 optical
coatings,20 and functional biosurfaces.21,22 A schematic diagram
of the emulsion-based RIR-MAPLE technique is shown in Figure
1. Compared to traditional MAPLE, emulsion-based RIR-

MAPLE also combines aspects of PVD and solution-processing;
yet, two important aspects of emulsion-based RIR-MAPLE stand
in sharp contrast to traditional MAPLE. First, the target polymer
is dispersed in the form of an emulsion with water as the main
matrix to absorb laser energy. Second, instead of a UV laser, an
infrared (IR) Er:YAG laser (2.94 μm peak wavelength) is used
that is resonantly absorbed by any matrix component containing
hydroxyl bonds (−OH). The relatively low energy of the IR laser,
and the incorporation of an emulsion matrix that shields the
target polymer from incident laser irradiation, not only reduce
photochemical degradation of the polymer but also maintain the
polymer molecular weight after the deposition process.17

In addition to deposition of the polymer films in a dry state
with minimized degradation, another advantage of emulsion-
based RIR-MAPLE is the potential to control polymer film
properties by engineering the composition and morphology of
the emulsion target. In a typical emulsion target, the primary
organic solvent is dispersed into the continuous water phase as
droplets to form an oil-in-water (O/W) type of emulsion.
Conjugated polymers, which are typically hydrophobic, tend to
bind with organic solvents and are confined within the organic
solvent droplets as polymer clusters. The hypothesis proposed in
this study is that during RIR-MAPLE deposition, polymer film
formation occurs by the direct transfer of these polymer clusters

Figure 1. Schematic diagram of emulsion-based RIR-MAPLE system: an infrared Er:YAG laser pulse enters a vacuum chamber through the optical
system. The laser ablates a solid frozen emulsion target with the guest organic materials (polymers) dispersed inside. The generated organic materials
plume is deposited onto the substrate, whereas the emulsion host matrix is vaporized by the laser energy and pumped away. The composition and
morphology of the frozen emulsion target are also shown in the zoomed figure, in which the organic solvent is dispersed as droplets in the continuous
waster phase. The hydrophobic polymer only dissolves into the organic solvent and tends to aggregate into clusters that are confined inside the organic
solvent droplets.
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from the target to the substrate, and the sizes of the polymer
clusters are defined by the emulsion droplet size. Therefore, the
deposited polymer films are formed by the arrangement of these
polymer clusters as they are transferred to the substrate in
discrete packets per laser pulse. The impact of this film formation
mechanism is that the size of polymer clusters and the packing
between these clusters determine the surface roughness and
internal morphology of the deposited polymer films as well as the
resultant optical and electrical properties of the films.23,24

In previous studies, as a proof of concept demonstration, we
have shown that the emulsion-based RIR-MAPLE technique is
capable of fabricating bulk heterojunction OSCs.18 However, a
fundamental understanding of how the emulsion target proper-
ties translate into thin film properties and OSC device
performance is still unclear. Such understanding is crucial to
improve the device efficiency of OSCs fabricated using RIR-
MAPLE, to enable the rational design of high-performance
devices, and to verify the expected advantages of this PVD
technique applied to polymeric materials. In this paper, the
mechanism of how the primary organic solvent affects the
emulsion droplet size is discussed, and the resulting impacts on
the size of deposited polymer clusters and the film surface
roughness are elucidated. Two commonly used conjugated
polymers, poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly-
[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]-
dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT),
are studied as representative material systems to determine the
primary solvent effect on polymer film deposition. The
corresponding OSC bulk-heterojunction active regions,
P3HT:PC61BM and PCPDTBT:PC71BM, are also fabricated
by emulsion-based RIR-MAPLE in order to study the primary
solvent effect on solar cell device performance. In order to test
experimental results theoretically, dissipative particle dynamics
(DPD) simulations are conducted to characterize the emulsion
droplet prepared by different primary solvents, and the
simulations are consistent with the observed experimental
results. The conclusions of these studies provide a fundamental
understanding of the polymer film formation mechanism in
emulsion-based RIR-MAPLE, and they provide insight required
to develop strategies for using the versatility of emulsion targets
to control thin film properties and device performance in
polymeric-based materials.

2. RESULTS AND DISCUSSION
Emulsion Target Composition and Selection of

Primary Solvent. The typical emulsion composition used in
emulsion-based RIR-MAPLE consists of guest polymer, primary

solvent, secondary solvent, and deionized (DI) water containing
surfactant. The primary solvent is used to dissolve the polymers.
The secondary solvent is used to lower the overall vapor pressure
of the emulsion, which could prevent the sublimation of the
frozen emulsion under high vacuum and help stabilize the surface
of the frozen emulsion. DI water with surfactant is used to
complete the formation of the emulsion. In these studies, the
primary solvent is chosen based on two families of solvents
(discussed in detail later). The secondary solvent used is phenol,
which has very low vapor pressure and also contains an −OH
bond to absorb laser energy. Sodium dodecyl sulfate (SDS) is
dissolved into deionized (DI) water at 0.001 wt % as the
surfactant to improve the emulsion stability for flash-freezing.
The emulsion contains the primary solvent, phenol, and DI water
(with surfactant) at a volume ratio 1:0.25:3, and a total 6 mL
emulsion is prepared for all RIR-MAPLE depositions. Consid-
ering the low volume ratio of phenol in the entire emulsion, the
following analysis assumes a simplified scenario in which only the
primary solvent is considered as the organic phase that
participates in the formation of emulsions. In addition, the
analysis assumes that themorphology of the emulsion is the same
before and after the emulsion is flash frozen by liquid nitrogen on
a 10−30 s time scale.
The guidelines to select primary solvents for this investigation

followed two rules. First, the polymer must have decent solubility
in the chosen primary solvents. For P3HT, PCPDTBT, and
many other conjugated polymers used in OSCs, methylbenzene
(known as toluene), 1,2-dimethylbenzene (known as o-xylene),
tetrahydrofuran (THF), chloroform, chlorobenzene (CB), and
1,2-dichlorobenzene (o-DCB) are experimentally demonstrated
as good solvents and are applied in the spin-casting process.
Second, in order to identify which solvent property affects RIR-
MAPLE deposition themost, the chosen primary solvents should
have properties that follow identifiable trends. Given this
consideration, 1,2,4-trimethylbenzene (known as pseudocu-
mene) and 1,2,4-trichlorobenzene (TCB) are included such
that two families of solvents, alkyl aromatic solvents (toluene, o-
xylene, pseudocumene) and chlorinated aromatic solvents (CB,
o-DCB,TCB), with clear trends in physical properties are
considered in this study. As seen in Table 1, for either solvent
family, as the number of side groups increases (CH3- or Cl- for
alkyl aromatic solvents and chlorinated aromatic solvents,
respectively), the solvent density increases, and the vapor
pressure and solubility-in-water decrease. In total, eight potential
solvents are considered for the study, and the important physical
parameters of each solvent are summarized in Table 1.25

Experimentally, it is found that uniform and stable emulsions

Table 1. Physical Properties of Selected Primary Solvents Including Density, Vapor Pressure, and Solubility-in-Watera

rms rougness (nm)

chemical name density (g/cm3) vapor pressure (kPa) 25 °C solubility-in-water (g/100 g) P3HT PCPDTBT

toluene 0.87 2.9 0.053 105.33(8.34) 134.33(8.99)
o-xylene 0.88 0.93 0.018 61.97(2.11) 44.10(2.65)
pseudocumene 0.88 0.88 0.0057 51.17(0.97) 40.97(3.14)
chlorobenzene 1.1 1.2 0.0472 41.33(1.89) 45.43(4.83)
1,2-dichlorobenzene 1.3 0.16 0.0156 19.37(0.71) 19.13(1.54)
1,2,4-trichlorobenzene 1.5 0.038 0.00488 11.87(0.84) 9.51(0.77)
chloroform 1.5 21 0.792 NA NA
tetrahydrofuran 0.89 20 30 NA NA

aRoot-mean-square (rms) surface roughness of P3HT and PCPDTBT films deposited by emulsion-based RIR-MAPLE using these selected primary
solvents are also provided. The roughness of the films was obtained by averaging three AFM images from different areas of each film. The values in
parentheses are the standard deviation of the rms surface roughness for each film from three AFM images.
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cannot be formed by using THF and chloroform as primary
solvents for PCPDTBT. Hence, these two primary solvents are
not included in the investigations; however, the reasons why
these two solvents cannot lead to good emulsions are discussed
later based on the emulsion mechanisms identified in this work.
Surface Characterization of Conjugated Polymer Films

Deposited by Emulsion-Based RIR-MAPLE. One of the
challenges for traditional MAPLE deposition of polymer films
has been the poor surface quality. The deposited films often show
nonideal surface features such as deflated balloon,26 intercon-
nected filament,27 and elongated nanofiber.27 The overall surface
is also very rough due to the presence of nanostructures, such as
nanoglobulars.28 While rough films may be beneficial for some
applications, such as gas sensors in which high surface area can
enhance the sensitivity of detection,29 such films usually have
poor electrical performance because the surface roughness
increases the contact resistance to metal electrodes. In previous
studies, we showed that uniform polymer films with complete
coverage of the substrate can be deposited by using a frozen
emulsion as the IR laser ablating target.15,16 In the same study, we
also showed that the surface roughness of the deposited film can
be adjusted frommore than 100 nm to as low as 10 nm simply by
changing the −OH bond concentration in the emulsion.
Relatively smooth polymer films deposited by emulsion-based
RIR-MAPLE are free of the abnormal surface features usually
seen in UV-MAPLE deposited films. Table 1 also shows the root-
mean-square (rms) surface roughness for P3HT and PCPDTBT
films deposited from the two selected solvent families. The rms
roughness measurements are obtained from 25 μm × 25 μm
atomic force microscopy (AFM) height images to ensure that the
roughness value is from a relatively large area and can be used to

represent the overall quality of the film surface. As can be seen in
Table 1, for both P3HT and PCPDTBT, the films deposited
from chlorinated aromatic solvents are generally smoother than
films deposited from alkyl aromatic solvents (except that
pseudocumene PCPDTBT film is smoother thanCB PCPDTBT
film). Within each family of solvents, the rms surface roughness
decreases from CB to o-DCB to TCB for chlorinated aromatic
solvents and decreases from toluene to xylene to pseduocumene
for alkyl aromatic solvents. Figure 2 shows the AFM height
images of P3HT films deposited from different primary solvents.
These AFM height images reveal a general trend; that is, as the
number of side groups (methyl or chlorine) on the benzene ring
of the primary solvent increases (solvent solubility-in-water and
vapor pressure decreases), the corresponding deposited film
becomes smoother. In addition, Figure 2 shows cross-sectional
scanning electron microscopy (SEM) images (slightly tilted) as
insets to the corresponding AFM images. From the SEM images,
very large polymer clusters (on the order of micrometer size),
which correspond to bright spots in the AFM height images, are
observed clearly and scattered on the rough films (e.g., toluene
film). Apart from the scattered large clusters, the rest of the
continuous film consists of wavy nanoscale features, resulting in a
very rough film. For smooth films (e.g., o-DCB, TCB film), few
large polymer clusters are observed on the films, and the films are
smooth with features similar to spin-cast films. The AFM and
SEM images of PCPDTBT films are in the Supporting
Information (Figure S1) and reveal similar trends with respect
to surface roughness and solvent family. The full size SEM
images of the insets of Figure 2 and Figure S1 are shown in
Figures S2 and S3, respectively. It is important to note that the
AFM images of Figure 2a−c and Figure S1a−c show unavoidable

Figure 2. AFM images of P3HT films deposited from chlorinated aromatic solvents: (a) toluene, (b) o-xylene, (c) pseudocumene, and alkyl aromatic
solvents: (d) chlorobenzene, (e) o-dichlorobenzene, (f) 1,2,4-trichlorobenzene. The inset images are the corresponding cross-sectional SEM images for
the same films.
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tip artifacts due to the micrometer-sized clusters in the film.
Nonetheless, the overall film surface morphology and average
feature size have been determined from these images.
Bulk-Heterojunction Organic Solar Cells Fabricated by

Emulsion-Based RIR-MAPLE from Different Primary
Solvents. From the previous discussion, it is clear that primary

solvents used in emulsion-based RIR-MAPLE have a significant
impact on the surface roughness of deposited polymer films.
Therefore, the primary solvents are also expected to affect the
performance of OSCs based on the polymers. Because we are
investigating the effect of emulsion-based RIR-MAPLE
deposited polymers on OSC performance, for simplicity, only

Figure 3. (a) Schematics of sequential deposition target andOSCs device configuration. Only active region is deposited by emulsion-based RIR-MAPLE
using sequential deposition mode, where polymer and small organic molecules are prepared in separate emulsions and frozen in different compartments
of target cup. (b) J−V curves and (c) EQE spectra of P3HT:PC61BM solar cells fabricated from different primary solvents. (d) J−V curves and (e) EQE
spectra of PCPDTBT:PC71BM solar cells fabricated from different primary solvents.
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the active regions of bulk-heterojunction OSCs are deposited by
emulsion-based RIR-MAPLE (i.e., blend of P3HT:PC61BM or
PCPDTBT:PC71BM). Other OSC device layers are deposited by
spin-casting for convenience. The emulsion-based RIR-MAPLE
deposition of the bulk heterojunction active regions is conducted
in the sequential deposition mode, where the polymer (P3HT or
PCPDTBT) and small organic molecules (PC61BM or PC71BM)
are prepared in separate emulsions and are frozen into different
compartments of the target cup (Figure 3a). Because this study
only focuses on polymer deposition, the primary solvent in the
emulsion of small organic molecules, PC61BM and PC71BM, is
the same for all RIR-MAPLE depositions (o-DCB). The primary
solvent for the polymer emulsion, P3HT and PCPDTBT, is
varied among the selected primary solvents, and this effect on
polymer film properties and device performance is considered. It
should be noted that the surface roughness of blended films falls
between the roughness values of pure polymer films and pure
small organic molecule films, which are smoother than polymer
films due to the short chain length (Figure S4). The primary
solvent effect on the surface roughness of small organic molecule
films deposited by emulsion-based RIR-MAPLE is similar to its
effect on polymer films described in this section, but much less
pronounced (Figure S5).
The OSCs are based on a standard device structure, without

state-of-the-art hole/electron transport layers, denoted as ITO/
PEDOT:PSS/P3HT:PC61BM(PCPDTBT:PC71BM)/TiOx/Al
and shown in Figure 3a. The ratio of P3HT:PC61BM and
PCPDTBT:PC71BM was optimized as 1.5:1 and 1:1.5,
respectively, by the split target ratio (see Methods section).
These donor:acceptor ratios were the same for all the OSCs
fabricated from different selected primary solvents. A very thin
TiOx layer (15 nm) is spin-cast between the active region and Al
cathode to act as (1) an optical spacer layer to enhance the
absorption of the light in the active region and (2) a passivation
layer to prevent the inclusion of oxygen and moisture into the
film.30

Table 2 shows the OSC performance for both the
P3HT:PC61BM and PCPDTBT:PC71BM material systems. As
can be seen, for P3HT:PC61BM OSCs, the power conversion
efficiency (PCE) is highest for the TCB solvent at 3.27%, and the
PCE decreases following the same solvent trend for increasing
film surface roughness (decreasing PCE for o-DCB, CB,
pseudocumene, o-xylene, and toluene). This trend indicates
that smoother films yield better device performance, as
determined by increased short-circuit current density and

increased fill factor (FF) (Figure 3b). The open-circuit voltage
does not vary significantly with solvent choice in the
P3HT:PC61BM material system, indicating that the interfacial
film morphology is essentially unchanged for different emulsion
targets. The EQE (Figure 3c) shows that the increasing current
density for smoother films corresponds to enhanced photon to
electron conversion across the entire P3HT absorption
spectrum. Given that the film composition is the same for each
solvent, the primary reason for more efficient photon to electron
conversion in smoother films is the improved collection of free
charge carriers. Although this PCE (3.27%) for the
P3HT:PC61BM OSCs deposited using TCB is lower than
reported device performance in spin-cast OSCs with the same
device configuration (5.0%),30 the device performance almost
quadruples the efficiency of previously reported OSCs fabricated
by emulsion-based RIR-MAPLE (0.76%).31

For PCPDTBT:PC71BM OSCs, a similar correlation is
observed between increasing device efficiency and decreasing
film surface roughness as a function of primary solvent. However,
in contrast to the more crystalline P3HT:PC61BM bulk
heterojunction that shows a singular dependence on surface
roughness, the PCPDTBT:PC71BMmaterial system with bulkier
side chains demonstrates greater variation with solvent choice.
More specifically, the PCPDTBT:PC71BM OSCs demonstrate
different device characteristics for the two solvent families. As an
example, while the surface roughness of the CB-deposited
PCPDTBT film is similar to the pseudocumene and o-xylene
films (between 40 and 45 nm, given the error bar), the
performance of the CB OSC is better than the other two. In
general, for the OSCs fabricated using the alkyl aromatic solvent
family, the open circuit voltage, short circuit current density, FF,
and PCE are optimized when o-xylene is used as the primary
solvent (Figure 3d). The open circuit voltage demonstrates a
stronger dependence on the primary solvent than the short
circuit current density, indicating that the interfacial film
morphology is varying with the solvent choice. In contrast, for
the chlorinated aromatic solvent family, the open circuit voltage
remains relatively constant, while the short circuit current
density, FF, and PCE increase for solvents that decrease the
surface roughness (Figure 3d). This is similar to the behavior
observed for all solvents in the P3HT:PC61BM material system.
The EQE (Figure 3e) shows that for the alkyl aromatic solvent
family the spectral characteristics vary with the solvent choice
and resulting internal morphology, while the collection of free
charge carriers is essentially the same. In contrast, for the

Table 2. Device Performance of P3HT:PC61BM and PCPDTBT:PC71BM Organic Solar Cells Fabricated from Different Primary
Solventsa

primary solvents Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) Rs (ohm cm2) Rsh (ohm cm2)

P3HT:PC61BM toluene 610 ± 9.4 7.79 ± 0.15 38.7 ± 0.6 1.84 ± 0.08 24.52 142.86
o-xylene 630 ± 3.5 8.33 ± 0.10 39.3 ± 0.6 2.06 ± 0.03 21.92 137.40
pseudocumene 630 ± 2.5 8.58 ± 0.15 44.5 ± 0.5 2.42 ± 0.04 17.07 215.55
chlorobenzene 630 ± 3.5 8.85 ± 0.03 45.4 ± 4.3 2.51 ± 0.04 15.84 216.53
o-dichlorobenzene 630 ± 2.4 10.47 ± 0.10 44.8 ± 1.4 2.99 ± 0.08 12.22 197.05
1,2,4-trichlorobenzene 630 ± 4.1 10.62 ± 0.27 48.8 ± 1.1 3.27 ± 0.08 14.11 325.26

PCPDTBT:PC71BM toluene 400 ± 18 4.03 ± 0.18 32.2 ± 0.68 0.52 ± 0.06 22.68 108.52
o-xylene 560 ± 14 4.16 ± 0.19 34.5 ± 0.94 0.80 ± 0.07 31.20 170.38
pseudocumene 550 ± 7.0 3.96 ± 0.29 31.8 ± 0.77 0.69 ± 0.04 38.01 139.01
chlorobenzene 640 ± 1.0 5.20 ± 0.34 33.7 ± 0.47 1.14 ± 0.06 23.63 140.32
o-dichlorobenzene 630 ± 7.5 6.36 ± 0.20 34.9 ± 0.43 1.39 ± 0.05 15.67 123.17
1,2,4-trichlorobenzene 640 ± 4.5 7.36 ± 0.29 34.2 ± 0.38 1.60 ± 0.07 16.38 103.50

aThe performance is averaged from six devices, and the error represents the standard deviation.
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chlorinated aromatic solvent family, the short-circuit current
density increases because the photon to electron conversion
efficiency is higher in smoother films due to improved collection
of free charge carriers.
To explain why OSCs featuring the same device configuration

and fabrication process (except for the primary solvent choice)
perform differently, we consider the film surface roughness and
internal morphology. Large surface roughness increases the
device contact resistance, which reduces the fill factor of the solar
cell due to increased series resistance. For extremely large series
resistance values, the short-circuit current density can even
decrease. Thus, the impact of film surface roughness on the OSC
device performance is very straightforward. On the other hand,
the film internal morphology could affect all aspects of solar cell
performance, making interpretation of the device results more
complex. As seen earlier in the EQE spectra, minor changes in the
spectral characteristics and more significant changes in charge
transport depend on polymer chain packing and chain
interactions that are determined by the internal morphology of
the film for different primary solvents.
It should be noted that while the solar cell performance of

emulsion-based RIR-MAPLE deposited PCPDTBT:PC71BM
OSCs is far below the reported spin-cast counterparts,32 a
solvent additive such as DIO is not added during the deposition
to increase the crystallinity of PCPDTBT. Although solvent
additives have been demonstrated to improve OSCs perform-

ance significantly in solution-processed films,32,33 it is actually
found to deteriorate the performance for OSCs fabricated using
emulsion-based RIR-MAPLE (Figure S6). In fact, it is not
surprising that a solvent additive, like DIO, deteriorates OSC
performance due to the fundamental differences in film
formation and morphology for solution-processing and
emulsion-based RIR-MAPLE. This discrepancy between the
impacts of solvent additives is very interesting and drives further
studies to better understand emulsion-based RIR-MAPLE
processing.

Mechanism of Polymer Film Formation in Emulsion-
Based RIR-MAPLE Process. In order to better understand the
internal film morphology that results from emulsion-based RIR-
MAPLE, we seek to elucidate the film formation mechanism. In
spin-cast films, film surface roughness and film internal
morphology are not directly related; that is, the surface
roughness is typically low, and the film internal morphology
varies depending on different processing steps. In contrast, as
discussed in the previous section, for films deposited by
emulsion-based RIR-MAPLE, the film surface roughness and
internal morphology are directly related due to the fundamen-
tally different mechanism of film formation.
To understand polymer film formation in RIR-MAPLE

process, it is important to examine the nature of polymer
molecules in the emulsion. The target emulsion that is frozen for
RIR-MAPLE deposition is an oil-in-water (o/w) emulsion in

Figure 4. (a) Schematic illustrations of the film formation mechanism and the two scales of order present for polymer packing in films deposited by
emulsion-based RIR-MAPLE. The surface roughness and internal voids of the illustrated film are highlighted by blackline. A cross-sectional SEM image
of an RIR-MAPLE deposited polymer film (PCPDTBT deposited from o-DCB) shows the presence of polymer clusters and voids highlighted by white
line. (b) UV−vis absorbance spectrum of P3HT films deposited from different primary solvents. (c) UV−vis absorbance spectrum of PCPDTBT films
deposited from different primary solvents.
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which the organic liquid phase (primary solvent) is uniformly
dispersed as droplets in the continuous water phase. The
conjugated polymer, which only dissolves into the organic
primary solvent, is also dispersed in the continuous water phase
as clusters confined inside the solvent droplets. During
deposition, the water ice matrix of the emulsion absorbs the
laser energy, evaporates, and is pumped away, leaving the
polymer to be deposited on the substrate as discrete packets of
the polymer clusters. As a result, the deposited film is constructed
discretely and randomly by the stacking of these polymer
clusters. In addition, these polymer clusters are likely to have
different shapes and sizes; therefore, the stacked clusters are not
likely to exhibit close packing. As a result, the film surface will be
uneven and inherently rough, with surface features correspond-
ing to the cluster size. In addition, the packed clusters should
create voids inside the film, as depicted in Figure 4a. To support
this hypothesis, a cross-sectional SEM image of a PCPDTBT film
deposited from o-DCB by emulsion-based RIR-MAPLE is shown
in Figure 4a, from which the polymer clusters and voids can be
identified.
The distinct film formation mechanism in RIR-MAPLE relates

film surface roughness to the film internal morphology, all of
which depend upon the polymer cluster size and emulsion
droplet size. As the polymer cluster size becomes smaller, the
resulting film surface becomes smoother, and polymer clusters
are more tightly packed with smaller voids. The scenario for large
polymer clusters is the opposite, where undesired polymer
clusters are deposited on the film surface, increasing the
roughness and leading to large voids inside the film with loose
packing. We have used acoustic AFM techniques to characterize
the stiffness of PCPDTBT films deposited from chlorinated
solvents. The results in Table S1 indicate that the smooth film
(such as the film deposited from TCB) is also stiffer than the
rough films due to more closely packed clusters in the smooth

film. In terms of OSC performance, large voids could decrease
the solar cell shunt resistance and reduce the open circuit voltage,
which appears to be a more serious issue for noncrystalline
polymers like PCPDTBT. It is also important to note that
PCPDTBT devices have lower fill factors that yield less accurate
fitting for the series and shunt resistances shown in Table 2.
The presence of voids in the polymer film is only one aspect of

internal morphology resulting from deposition by RIR-MAPLE.
In fact, the internal morphology of the polymer film can be seen
as comprising two different orders of packing (Figure 4a): the
packing of polymer chains inside the polymer clusters and the
packing among the polymer clusters. While the voids in the film
are mainly determined by packing among polymer clusters, the
crystallinity of the film could be determined by both types of
packing, which is consistent with solution-processed deposition.
In techniques like spin-casting, the effect of solvent on the active
layer is typically twofold: long time exposure to solvent can either
aggregate fullerene-based small organic molecules34 or affect the
crystallization of the polymer and thus phase separation.35 These
solvent effects could also impact packing among and within
polymer clusters, respectively. From UV−vis absorbance spectra
of P3HT films deposited from different primary solvents (Figure
4c), it can be seen that the vibrionic peak near 625 nm is more
pronounced for alkyl aromatic solvents that have larger surface
roughness, which indicates the polymer chains may be more
ordered36,37 in larger polymer clusters than in smaller polymer
clusters. In addition to UV−vis absorbance, GIWAXS measure-
ments, which have been systematically studied to probe the
structure of conjugated polymers,38 were also used to character-
ize the P3HT films. GIWAXS data of P3HT films deposited by
emulsion-based RIR-MAPLE (Figure S7, Table S2) show that
the stacking of polymer chains in all of the P3HT films has a
dominant edge-on orientation. As the polymer cluster size
increases due to different primary solvents, the contribution from

Figure 5. Schematic representation of different emulsions formed by using solvents with different solubility-in-water characteristics. The transition of a
good, metastable emulsion (TCB emulsion), to an unstable emulsion (chloroform emulsion), to a nonemulsion (THF emulsion) is shown from left to
right by both schematic representations and real pictures.
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face-on orientation of the polymer chains increases. Different
from P3HT films, the UV−vis absorbance spectra for the
PCPDTBT films (Figure 4d) show the chlorinated aromatic
solvents (plus pseudocumene) yield a more ordered PCPDTBT
film due to closer packing between the polymer clusters,
indicated by a relative red-shift of the absorbance peak.32,39 The
exact mechanism by which primary solvents affect polymer
packing inside the emulsion droplets is an important topic to be
explored in future studies.
Effect of Primary Solvent on EmulsionDroplet Size and

Film Properties. From the previous discussion, it is clear that
the emulsion droplet size affects the polymer film cluster size and
resulting internal morphology. Experimentally, the primary
solvent is found to affect the polymer film surface roughness as
well. Therefore, the properties of the primary solvents should
determine the emulsion droplet size. From Tables 1 and 2, we
can draw the conclusion that primary solvents with low
solubility-in-water and low vapor pressure usually lead to smooth
films and thus should have small droplet sizes in the emulsion. In
the following discussion, the effects of primary solvent solubility-
in-water and vapor pressure on emulsion droplet size are
discussed.
Effect of Primary Solvent: Solubility-in-Water. The

solubility-in-water of organic solvents directly relate to the
bonding strength between solvent molecules and water
molecules. As a result, we propose that the relative bonding
strength between solvent molecules to polymer molecules, and
solvent molecules to water molecules, determines the solvent
droplet size and the polymer cluster size in the emulsion. One
challenge to verifying this hypothesis is the difficulty in
identifying a parameter to quantify the bonding strength between
solvent molecules and polymer molecules. To make a clear
illustration, the organic solvents THF, chloroform, and TCB are
used as three representative primary solvents to make emulsions
for comparison as shown in Figure 5. For these three solvents, the
bonding strength to water molecules is highest for THF
(solubility-in-water is 30 g/100 g), followed by chloroform
(solubility-in-water is 0.792 g/100 g), and TCB (solubility-in-
water is 0.00488 g/100 g). Experimentally, when TCB is used as
the primary solvent, a very good emulsion is formed and the
emulsion is milk-like. In this case, the bonding strength of TCB
molecules to PCPDTBT molecules is stronger than the bonding
strength of TCB molecules to water molecules (due to the very
low solubility-in-water of TCB). The TCB droplets are attracted
and repelled by PCPDTBT and water molecules, respectively,
preventing coalescence and resulting in a good dispersion in
water. However, when chloroform is used as the primary solvent,
a poor emulsion is formed such that solvent droplets coalesce
very quickly. In this case, the poor emulsion results because the
bonding strength of chloroform molecules to water molecules is
comparable to the bonding strength of chloroform molecules to
PCPDTBT molecules (due to the partial miscibility of
chloroform in water indicated by the lower solubility-in-water).
The large amount of polymer molecules bond with available
chloroform molecules, resulting in larger clusters. In contrast,
when THF is used as the primary solvent to make an emulsion,
the PCPDTBT directly precipitates out from solution as bulk
solid particles. This precipitation of the target polymer occurs
because the bonding strength of THF molecules to water
molecules is stronger than the bonding strength of THF
molecules to PCPDTBT molecules (due to high solubility-in-
water of THF). The bonding of THF molecules to water
molecules directly exposes the PCPDTBT molecules to the

excess amount of water, and the PCPDTBT molecules
precipitate out because they cannot bond to water molecules.
From this illustration, it can be concluded that the stronger the
bonding strength between solvent molecules and polymer
molecules, relative to the bonding strength between solvent
molecules and water molecules, the smaller the organic solvent
droplet size is in the corresponding emulsion. This competition
between two bonding strengths is important because it can
explain why films deposited from pseudocumene are not smooth
despite its low solubility-in-water (i.e., the polymer has poor
solubility in the solvent).

Effect of Primary Solvent: Vapor Pressure. Unlike the
solubility-in-water, the vapor pressure of the primary solvent
does not alter the emulsion droplet size directly. However, it
could impact the internal morphology of the film, particularly the
amount of trapped solvent and the size of voids in the film. As
discussed earlier, the energy from the laser is mainly absorbed by
the water−ice matrix, which contains OH bonds. The primary
solvents used in this study do not contain OH bonds and thus do
not directly absorb the laser energy. The water molecules that
absorb the laser energy heat up and transfer the heat to the
solvent molecules in proximity, which can vaporize the solvent.
Although most vaporized solvents are pumped away in the
vacuum, a small amount of unvaporized solvent molecules can
still be trapped in the deposited film (inside voids between the
polymer clusters). On one hand, the trapped solvent molecules
could act as charge carrier traps that deteriorate OSC device
performance; however, on the other hand, the trapped solvent
molecules could help reduce the size of voids by providing a host
medium for polymer chains to bridge the voids. Eventually, the
trapped solvents are most likely to be removed by the vacuum
environment or the annealing process during device fabrication.
The importance of the vapor pressure of the solvents is that it
describes how easily a solvent can be vaporized and removed
from the voids. Solvents with low vapor pressure are easily
trapped in polymer films for longer times, acting as traps and
helping polymer chains bridge the voids. Provided the trapped
solvent molecules are removed eventually, the reduced void size
in the film could be beneficial to OSC device performance.

Dissipative Particle Dynamic Simulation. The previous,
qualitative discussion of the effects of primary solvent is based on
the characterization of deposited films; however, a direct
characterization of the emulsion droplets is preferred. Typical
measurements of emulsion droplet size, like dynamic light
scattering, are not appropriate in this case due to the high
polymer concentration and metastable nature of the emulsion
targets. While characterization of these complex emulsions using
suitable techniques is still under investigation, simulated droplet
sizes are provided to help verify the experimental observations.
Therefore, dissipative particle dynamics (DPD), a mesoscale
simulation technique, was applied to simulate the emulsion
droplet size as a function of the solubility-in-water of the primary
solvent. DPD has been used successfully to study and predict the
phase behavior and properties of emulsification, polymer
aggregates, and complex self-assembled structures.40−42 All
simulation details are provided in the Supporting Information.
Briefly, the polymers and surfactant molecules are coarse-grained
into DPD polymer beads connected by harmonic spring force; a
group of water or primary solvent molecules are coarse-grained
into DPD solvent beads. The repulsive parameters for various
types of DPD beads represent the affinity between polymers,
water, and primary solvents. For example, the repulsive
parameter between polymer and water is set to 50, which
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indicates the hydrophobic nature of the polymer component.
The repulsive parameter between primary solvent and water
beads is varied to study the effect of the water solubility of
primary solvent on emulsion morphologies. The repulsive
parameters between DPD beads are shown in Table S3 of the
Supporting Information.
It was observed from simulations that the primary solvent

solubility-in-water plays an important role in the morphology of

polymer aggregates, as shown in Figure 6. All polymers and
surfactants self-assembled into an aggregate, which is formed by a
polymer matrix filled with primary solvent and coated with
surfactants, for all three cases. Decreasing the solubility of
primary solvent in water leads to a morphological transition from
membrane to saddle shape and to sphere. The volume ratio for
polymer aggregates among three cases is 1:0.944:0.932. It
indicates that as the solubility of primary solvent in water

Figure 6. Simulation snapshots of (a) initial and final configurations of (b) step1 and (c) step 2. The red, pink, purple, green, and cyan beads represent
the polymer, hydrophobic part in surfactants, hydrophilic part in surfactants, primary solvent, and water, respectively.
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decreases, smaller and denser polymer aggregates are formed,
which agrees with experimental observations.

3. CONCLUSION

In summary, the effects of primary solvent on the properties of
conjugated polymer films deposited by emulsion-based RIR-
MAPLE are studied, which provides great insight into the film
formation process during the deposition. It is found that polymer
films are deposited by the discrete stacking of polymer clusters.
While the stacking between polymer clusters mainly determines
the surface roughness and formation of internal voids in the film,
the stacking of polymer chains inside the cluster determines the
order of the film. In addition, the size of the polymer cluster is
determined by the solvent droplet size in the emulsion, which is
governed by the relative bonding strength of the primary solvent
molecules to water molecules and to polymer molecules.
Therefore, the primary solvent has a great impact on the surface
roughness and internal morphology of the deposited polymer
films, which is further demonstrated by different polymer-based
OSC device performance fabricated using different primary
solvents in RIR-MAPLE. This study offers a fundamental
understanding of how the properties of primary solvents in the
emulsion target translate into thin film properties and solar cell
performance, which encourages further studies on how other
properties of the emulsion target (e.g., type of emulsion,
surfactant, secondary solvent) can be used to design the
properties of different polymer films (e.g., amphiphilic, hydro-
philic polymers) using the emulsion-based RIR-MAPLE
technique.

4. METHODS
Materials. PCPDTBT (Mw = 30 kDa) and P3HT (Mw = 70 kDa)

were purchased from Solaris Chem Inc. PCBM (99.5% purity) and
PC71BM (99% purity) were purchased from American Dye Source, Inc.
PEDOT:PSS (Clevios PVP AI 4083) was purchased from Clevios.
Toluene, o-xylene, pseudocumene, chlorobenzene, o-dichlorobenzene,
1,2,4-trichlorobenzene, phenol, and sodium dodecyl sulfate (SDS) were
purchased from Sigma-Aldrich. The solar cell encapsulation epoxy was
purchased from Ossila Ltd. Custom patterned ITO-coated glass
substrates were purchased from Xin Yan Technology (Hong Kong).
All materials were used as-received without further purification.
TiOx Synthesis. TiOx synthesis followed previous reported

procedures with slight modification.43 0.75 mL of titanium(IV)
isopropoxide, 3 mL of methoxyethanol, and 0.3 mL of ethanolamine
were injected into a three-necked flask one by one at room temperature.
The three-necked flask must be under continuous nitrogen flow, and the
starting materials must be injected in the order. The mixed solution was
stirred at room temperature for 1 h. Then the mixed solution was heat at
80 °C for an hour and 120 °C for another hour. During the heating, the
starting clear solution turned into a low density gel with dark wine color.
After the solution cooling to room temperature, 1.5 mL of methanol was
injected into the flask to extract final semitransparent TiOx sol−gel
product. The final product was further diluted by 1:200 in methanol, and
the resulting diluted TiOx sol−gel solution was used for spin-casting.
Emulsion Target Preparation. The emulsion target for RIR-

MAPLE deposition consists primary solvent, secondary solvent, and
deionized (DI) water containing surfactant sodium dodecyl sulfate
(SDS). The 0.001 wt % SDS was prepared in DI water in advance.
Heated phenol was used as the secondary solvent in all emulsions. To
prepare emulsion solution, 5 mg of polymer was first dissolved into
selected primary solvents completely. Then the heated phenol solution
was added into the prepared polymer solution. Reheat the mixed
solution until the polymer completely dissolve into the solution again.
At last, DI water containing SDS was added into the mixed solution to
make emulsion. The volume ratio between primary solvents, phenol,

and DI water is 1:0.25:3, and a total 6 mL emulsion was prepared as the
target solution.

RIR-MAPLE Deposition of Polymer and Blended Films. For
polymer (P3HT, PCPDTBT) films deposition, the prepared emulsion
was injected into the chilled target holder using a syringe (−190 °C,
cooled by liquid nitrogen). Every time, only 0.5 mL emulsion was
injected to the chili target to make sure the emulsion was frozen into a
solid ice instantly (less than 5 s) without any notable phase separation.
In total, 6 mL of emulsion was injected to chili target to ensure enough
material for the deposition. For blended film (P3HT:PCBM,
PCPDTBT:PC71BM) film deposition. The emulsion of polymer and
small organic molecules (PCBM and PC71BM) were prepared
separately. The target holder was partitioned, and one section was
injected with the polymer emulsion while the remaining section was
injected with the small organic molecules emulsion. The blended ratio is
determined by the target partition ratio, which is 1.5:1 and 1:1.5 for
P3HT:PCBM and PCPDTBT:PC71BM, respectively. The deposition
temperature at substrate was not actively controlled and dropped from
room temperature to 5−6 °C in the course of deposition because the
generated plume from the icy target cools down the substrate. For all
depositions, the laser fluence is 1.8 J/cm2 per pulse at 2 Hz repetition
rate, and the substrate to target distance is 7 cm. The deposition rate is
mainly determined by the target concentration and is roughly 20−25
nm/h when the target concentration is 5 mg/mL in primary solvent
using the target preparation method described above.

Organic Solar Cells Fabrication. Prepatterned ITO-coated glass
slides were used as anode which were ultrasonically cleaned,
sequentially, with acetone, methanol, and isopropyl alcohol. 5 min
oxygen plasma treatment was performed to make ITOmore hydrophilic
and improve subsequent PEDOT:PSS film quality. The PEDOT:PSS, a
hole transport layer, was spin-coated at 4000 rpm for 30 s and baked at
150 °C for 10 min in air. The active layer was deposited by emulsion-
based RIR-MAPLE as described. The thickness of P3HT:PCBM was
controlled as roughly 120 nmwhile PCPDTBT:PC71BMwas controlled
as roughly 100 nm. TiOx sol−gel solution was then spin-cast on top of
the active layer at 3000 rpm for 30 s. To dry the TiOx film, the film was
annealed at 70 and 140 °C for the P3HT:PCBM and
PCPDTBT:PC71BM system, respectively, for 5 min in the air. For the
P3HT:PCBM system, another thermal annealing at 140 °C for 10 min
was performed in the glovebox to improve the film morphology. Finally,
an aluminum cathode (120 nm) was thermally evaporated (1 × 10−6

Torr) on top, defining a 9 mm2 active area. All of the OSCs were
encapsulated using encapsulation epoxy (Ossila, Ltd.) before measure-
ment in ambient atmosphere under simulated AM 1.5G illumination
(100 mW/cm2). All devices were stored in a vacuum box before
encapsulation and characterization.

Thin Film Characterization. AFM height images were obtained
using a Veeco 3100 Dimension microscope in a tapping mode. Cross-
sectional SEM images was obtained using an FEI XL30 SEM. Before
imaging, the surface of the film is coated with a thin layer (∼5 nm) of
gold to prevent charging effect. UV−vis absorption spectra were
obtained using a Shimadzu UV-3600 spectrophotometer. J−Vmeasure-
ments were completed using a Keithley Instruments 4200-SCS
semiconductor analyzer. A solar simulator (Abet Technologies, model
10500) was set to 1 sun equivalent output irradiance by using a
calibrated reference silicon cell (Oriel, model 91150). The EQE
measurement were taken on an Oriel monochromator-based EQE
system with a 500 W Xe light source in ac mode. GIWAXS
measurements were conducted using a SAXSLab Ganesha system to
provide structural information about polymer orientation and
crystallinity in films deposited by emulsion-based RIR-MAPLE. The
GIWAXS technique involves irradiating the films in a reflection
configuration at grazing incidence with a Cu Kα X-ray point source
and collecting the scattering profile on a two-dimensional detector.

Simulation Method. All simulations were performed using
dissipative particle dynamics (DPD) via LAMMPS.44,45 DPD is a
coarse-grained simulation technique in which one DPD bead represents
a group of atoms or a volume of fluid.46,47 DPD simulations started from
a random dispersion of 350 polymers with length of 20-mer and 1400
amphiphilic chains consisting of a 6-mer hydrophobic block and 2-mer
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hydrophilic block in the solution (Figure 6). The total number of beads
in the system was 139 968. In the first stage of simulation, the rest of the
box was filled with primary solvent beads (Figure 6). In the second stage
of simulation, a fraction of 3.25/4.25 of primary solvent beads turn into
was replaced by water beads. Tomatch experiment. The small fraction of
phenol present in experiment is omitted. A considerably long simulation
(≥2 000 000 steps) was conducted for each stage to get thermodynamic
equilibrium. A cubic simulation box (36 × 36 × 36) was applied with
periodic boundary condition in three directions.
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